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CONTROLLER AND CONTROL METHOD
FOR AN ENGINE CONTROL UNIT

TECHNICAL FIELD

The present invention relates to a controller and control
method for an engine control unit. In particular the present
invention relates to a controller (and associated method) for
determining the presence and location of mechanical faults
within the injectors of a fuel-ingjected engine system. The
invention additionally relates to a carrier medium carrying
computer readable code for controlling a processor or com-
puter to carry out said control method.

BACKGROUND TO THE INVENTION

Many engine systems use high pressure unit injectors hav-
ing two valves per injector (cylinder). The first valve 1s
located 1n the pumping part of the injector and cooperates
with the cam shait and a pumping plunger to create high fuel
pressures. This valve 1s commonly referred to as the pressure
control valve. In certain engine systems 1t 1s also known as a
spill control valve. The second valve controls fuel 1njection
from the mjector. This valve 1s known as the needle or injec-
tion control valve.

Depending on the engine configuration, the cam shaft may
be mounted to the side of the cylinder block or alternatively 1t
may be mounted above the cylinder block. The first configu-
ration results 1n an injector where the two valves (pressure
control and needle control valves) (and their associated hard-
ware) are separated and located on different parts of the
engine. FIGS. 1a, 156 and 2 show the various engine configu-
rations and location of the 1injector valves.

FIGS. 1a and 15 show a schematic picture of an engine 1
where the cam shaft 2 1s mounted to the side of the cylinder
block 3. It can be seen that the mjector part of the 1njector 3,
which incorporates the needle control valve, 1s located on top
of the cylinder block 3. The 1njector pump 7, which incorpo-
rates the pressure/spill control valve, 1s located to the side of
the cylinder block 3.

The pressure control valve and needle control valve are
connected via a high pressure fuel line 9.

An alternative engine arrangement 1s shown in FIG. 2
which 1s a sectional view of an injector with an overhead cam
arrangement. In this case the cam 11 1s mounted directly
above the 1njector 13. As a consequence the pressure control
valve 15 and needle control valve 17 are mounted within the
same 1njector structure. In the arrangement of FIG. 2, the
pressure control and needle control valves are connected by a
supply passage within the body of the mjector 13.

In the event of an imjector failure within a fuel mjected
engine system i1t can be difficult to identify the nature and
location of the fault within the engine system. If the mjector
malfunction 1s electrical 1n nature then the fault can generally
be 1dentified by the engine management system. However, 11
the fault 1s mechanical 1n nature then the engine management
system may not see any difference 1n its electrical inputs and
may therefore be unable to locate or identity a fault.

Failure to identily a fault correctly can lead to wasted time,
elfort and cost 1n a service and repair facility because, for
example, both pressure control and needle control valves may
need to be tested and/or replaced manually before a success-
tul repair can be achieved. It can also be the case that different
control valves have different repair procedures and so 1den-
tifying the location and nature of a fault prior to the com-
mencement of a repair process 1s highly desirable.
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The present invention seeks to overcome or substantially
mitigate the above mentioned problems and to provide an
apparatus and method for determining the presence of faults
within the fuel injection system of an engine.

SUMMARY OF THE INVENTION

Accordingly a first aspect of the present invention provides
a controller for determining the presence of faults within a
fuel injection system of an engine system. The engine system
comprises a first injector and at least one further injector, each
injector comprising a needle control valve and a pressure
control valve. The controller comprises: inputs for receiving
data relating to a first engine system parameter; outputs for
outputting a control function for controlling the injector
valves of each of the imjectors, and; a processor for controlling,
the control function output from the controller. The processor
1s arranged to output a control Tunction such that the needle
control valve of the first mnjector 1s kept closed in order to
prevent injection from the first injector and to momitor the first
engine system parameter as the needle control valve 1s kept
closed, a change 1n the first engine system parameter indicat-
ing that the first 1njector 1s operating substantially within
normal operating parameters and no or substantially no
change 1n the first engine system parameter indicating that the
first 1njector 1s faulty.

In the following description the term 1njection cycle refers
to a cycle of injection events 1n which all the cylinders of an
engine would normally fire. During each injection cycle, the
needle control valve of each mjector will mostly be closed
and will only be opened to allow injection through the mnjector
to take place.

The invention recognises that major faults within an 1njec-
tor of an 1njection system can be determined by sending a
control function to the injector under test (the “first” injector)
to keep its needle control valve closed. For an injector that 1s
working correctly keeping the injector control valve closed
will mean that no fuel can be delivered from the 1njector and
this will then have the effect that one or more engine system
parameters (e.g. engine speed or quantity of fuel injected per
injection cycle by the remaining injectors) of the engine sys-
tem will change. The controller of the present invention there-
fore acts to keep the needle control valve on a first injector of
the engine system closed and to momitor the resultant changes
in the measured engine system parameter.

It 1s noted, however, that 1f there was a major fault within
the first 1njector such that the imjector was already faulty
before the needle control valve was instructed to remain
closed, then the closure of the valve will have little or no effect
on the measured engine system parameter.

The controller therefore determines the presence of faults
within the engine system depending on whether the engine
system parameter changes or not as a result of the closure of
the needle control valve during the whole of the 1njection
cycle.

Therefore, the above described “closed needle™ test sepa-
rates cylinders with completely faulty 1njectors from cylin-
ders with functionming 1njectors.

Preferably, the controller 1s arranged to fix a second engine
system parameter of the engine and to monitor changes 1n the
first engine system parameter. For example, the controller
may 11x the quantity of fuel supplied to the engine system and
monitor engine speed changes. Alternatively, engine speed
may be fixed during the test and fuel quantities monitored
(e1ther the quantity of fuel injected by each, injector not under
test per injection cycle could be monitored or alternatively the
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quantity of fuel injected by all the remaining 1njectors per
injection cycle could be monitored).

Once 1t has been determined 11 the first injector has a major
fault or not the processor can be arranged to output further
control functions to ascertain (1) which control valve 1s faulty
in cases where the first injector has a major fault or (1) the
presence of any minor faults (such as clogged injector
nozzles) in cases where the first injector has not been 1denti-
fied as having a major fault.

In the event that the first injector has not been 1dentified as
having a major fault the needle control valve can conveniently
be slowly re-opened (1.e. the opening period of the needle
control valve per injection cycle, can be gradually increased
from zero to normal length over the course of a number of
cycles) to determine whether the first injector has any of a
multitude of more minor i1njection issues, e.g. partly blocked
nozzles. It should be appreciated that the period that the
needle control valve 1s open 1s determined by the length of a
drive pulse that 1s input to the valve.

The control function output by the controller 1s derived
from a pulse structure. Gradually re-opening the needle con-
trol valve 1n increments, each increment lasting for a number
of injection cycles to allow the engine to stabilise, permats the
mimmum drive pulse structure, 1.e. the logic structure that
results 1n 1njection of fuel into the combustion chamber of the
engine from the first injector, to be determined.

In the “closed needle” testing phase the processor sends a
control function to keep the needle control valve closed. Once
closed the engine can be allowed to stabilise and then the
injector valve can be re-opened gradually, by increasing
incrementally the opening control function from the control-
ler, so that fuelling 1s stepwise brought back to the test injector
(the firstinjector). The processor may monitor the first engine
system parameter as the length of the “open period” of the
injector control valve i1s increased and, depending on how
quickly and how much the parameter varies as fuelling
resumes 1n the first injector, can determine how well injection
1s working through the first injector.

In a first embodiment, the controller fixes the quantity of
tuel delivered to the injectors not under test and monitors
changes 1n the engine speed as the control valves on the first
injector are manipulated. It the first injector 1s operating
normally then keeping the needle control valve closed can be
expected to result 1n a drop 1n engine speed. (It 1s noted that
the fuelling conditions applied to the remaining 1njectors
within the engine are fixed such that the remaining 1njectors
do not try to compensate for any changes to the injector under
test (the first injector)).

The processor may then convemently analyse the engine
speed of the engine as the needle control valve of the first
injector 1s gradually re-opened to determine the operational
status of the first injector. Alternatively, the processor may
monitor the rate of change of engine speed as the valve 1s
opened or analyse the time at which 1njection recommences.

In the event that the first injector has been identified as
having a major fault (i.e. the engine speed did not decrease
when the needle control valve of the first injector was closed),
then 1t 1s highly desirable to determine which of the 1njector
control valves 1s malfunctioming. This can help reduce unnec-
essary repair procedures and reduce servicing costs.

The 1mjectors will typically comprise a pumping chamber
having a plunger that moves 1n a reciprocating motion. As the
plunger moves down within the pumping chamber within its
cycle the fuel within the mjector will be pressurised. The
needle control valve 1s actually a switching valve that can
alternate between an open position 1n which a chamber asso-
ciated with the imnjector needle 1s in communication with a low
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pressure drain and a closed position 1n which the chamber 1s
in communication with the pumping chamber.

When the needle control valve 1s 1n the open position a
pressure 1mbalance will be created between the chamber
associated with the injector’s needle and thrust surfaces on
the needle 1tself. These pressure differences allow the needle
to 11ft from 1ts seating and for fuel injection to occur.

When the needle control valve 1s 1 the closed position
however there 1s no pressure imbalance within the injector
and the needle 1s held against 1ts seating by the action of a
spring within the chamber.

The pressure control valve can be opened to allow the
pumping chamber to be 1n fluid communication with a source
of fuel or closed 1n which the fluild communication path 1s
blocked.

It 1s noted that 1f the controller outputs a control function to
the first injector to create a high pressure without injecting
any fuel into the combustion space of the engine (i.e. a control
function that closes both the pressure control and needle
control valves) then this will put more load on the engine than
when the mjector 1s creating a low pressure. This in turn waill
therefore cause the engine speed of the engine to fall.

However, 1t either the needle control valve or the pressure
valve 1s malfunctioning 1n any way then the expected change
in engine speed will not be observed by the controller/pro-
CESSOT.

The processor may therefore determine the location of a
fault within the first injector by closing the pressure control
valve of the first injector such that fuel 1s unable to drain from
the mnjector to the low pressure fuel drain. Depending on
whether the needle control valve and pressure control valves
are operating correctly different changes 1n engine speed will
be observed by the processor.

Therefore, 11 the processor outputs a control function to
close the pressure control valve and then monitors the engine
speed, the presence and location of a fault within the first
injector may be determined.

Conveniently 11 the processor uses the logic described
below then the following fault conditions can be 1dentified:

(1) 1f the needle control valve 1s stuck closed and the pres-
sure control valve 1s operating correctly, then high fuel
pressure will be created 1n a supply passage (or connect-
ing fuel line) between the needle control and pressure
control valves. The extra work that this creates for the
engine will cause the engine speed to drop and when a
significant engine speed drop 1s detected by the proces-
sor the failure can be 1dentified as a needle control valve
that 1s stuck closed. It 1s noted that this “high pressure”
test follows the “closed needle” test described above and
1s performed only 11 the “closed needle” test has 1ndi-
cated that there 1s a major fault (1.e. either the pressure
control or needle control valves 1s faulty) in the injector.
If the pressure rises (and therefore engine speed drops)
when the pressure control valve 1s commanded to close
then this indicates: (a) that the pressure control valve 1s
working correctly; (b) that by inference 1t was the needle
control valve that caused the “closed needle” test to
show a major fault, and; (c) the fact that the pressure
increased when the pressure control valve closed 1ndi-
cates that the needle control valve 1s jammed shut.

(11) 1f the pressure control valve 1s malfunctioning then the
controller will be unable to create a high pressure con-
dition within the 1njector. In this case, the engine speed
will remain unchanged and, after a certain period of time
without any significant engine speed change, the proces-
sor can determine that the pressure control valve 1s

faulty.



US 7,497,205 B2

S

(111) 1f the needle control valve 1s stuck open then any tuel
transierred into the first injector will be injected mto the
combustion space. This will result 1n an increase 1n
engine speed and so 11 the processor monitors the engine
speed and detects a significant increase 1n the engine
speed then 1t can determine that the needle control valve
1s stuck open.

Conveniently, the processor can be arranged to determine
the presence and/or location of faults within the first injector
by comparing the engine speed data recerved by the control-
ler’s mputs with predetermined engine speed data. Conve-
niently, the controller may comprise (or may be linked to) a
data store for storing predetermined engine speed data.

In a second embodiment, the controller fixes the engine
speed of the engine and monitors changes 1n the quantity of
tuel 1njected by the injectors not under test as the control
valves on the first injector are manipulated.

If the engine speed 1s fixed, then the quantity of fuel
injected per injection cycle by the remaiming injectors will
vary 1n order to compensate for the first injector when 1its
needle control valve 1s closed throughout the entire injection
cycle. By momitoring the quantity of fuel injected per injec-
tion cycle the processor may conveniently determine the
operational status of the first injector. If the quantity of fuel
injected per injection cycle by the other injectors does not
vary (or varies by only a small amount) as the needle control
valve 1s kept closed then this indicates that the first injector
has a major fault. If the quantity of tuel injected by the other
injectors increases when the needle control valve of the first
injector 1s kept closed then this indicates that the first injector
1s operating substantially normally.

In the event that the first injector has been i1dentified as
having a major fault then the faulty injector valve can once
again be 1identified by outputting a control function from the
controller suitable for creating a high internal pressure within
the injector, 1.e. a control function that closes both the pres-
sure control and needle control valves.

This will put extra load on the engine which should cause
the quantity of fuel injected per injection cycle from the other
injectors to rise.

If either of the pressure control or needle control valves 1s
malfunctioning however then the expected change in fuel
quantities through the other injectors will not be observed.

Conveniently 1f the processor uses the logic described
below then the following fault conditions can be 1dentified:

(1) 11 the needle control valve 1s stuck closed and 1s unable
to open when the controller asks 1t to and the pressure
control valve 1s operating correctly, then high fuel pres-
sure will be created 1n a supply passage (or connecting
tuel line) between the needle control and pressure con-
trol valves. The extra work that this creates for the engine
will cause the quantity of fuel injected by the other
injectors to rise and when a significant fuel quantity rise
1s detected by the processor the failure can be 1dentified
as a needle control valve that 1s stuck closed.

(11) 1f the pressure control valve 1s malfunctioning then the
controller will be unable to create a high pressure con-
dition within the 1njector. In this case, the quantity of fuel
injected by the other injectors will remain unchanged
and, after a certain period of time without any significant
change, the processor can determine that the pressure
control valve 1s faulty.

(111) 11 the needle control valve 1s stuck open then any fuel
transierred into the first injector will be 1njected 1nto the
combustion space. This will result 1n a decrease 1n the
quantity of fuel injected by the other 1njectors (to keep
the engine speed at its fixed value) and so 11 the processor
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monitors the fuel quantity injected by the other injectors
and detects a significant decrease 1n the fuel quantity
injected then 1t can determine that the needle control
valve of the first injector 1s stuck open.

Conveniently, the controller may comprise (or may be
linked to) a data store for storing predetermined engine per-
formance data (e.g. expected fuel quantity variations across
the 1njectors as the above test are performed).

Preferably, the controller 1s arranged to test each injector
within the engine in turn.

Preferably, prior to commencing any of the above tests the
controller 1s arranged to stabilise the engine system to a
substantially constant engine speed.

Conveniently, the controller may output a notification sig-
nal to an output device (such as a computer screen) such that
the presence and/or location of faults within the engine can be
ascertained by a user.

In the above description 1t 1s assumed that the first injector
1s first tested for major faults and 1s then subsequently tested
for either minor cylinder injection 1ssues or the location of
any major faults. Remaining injectors within the engine are
then tested once the above tests have been run on the first
injector.

However, it 1s recognised that the controller may first test
cach cylinder for the presence of major faults and may then
re-test those cylinders which it has determined have major
faults. The test for the location of major injector faults and the
test for the presence of minor cylinder injection 1ssues may
therefore be performed independently.

Therefore, according to a second aspect of the invention,
there 1s provided a controller for determining the nature of a
fault within an 1injector of a fuel 1njection system of an engine
system, the injector comprising a needle control valve and a
pressure control valve, and the controller comprising imnputs
for recerving data relating to a first engine system parameter;
outputs for outputting a control function for controlling the
injector valves of each of the 1njectors, and; a processor for
controlling the control function output from the controller.
The processor 1s arranged to output a control function such
that the needle control valve of the 1njector 1s kept closed 1n
order to prevent injection from the injector and then to gradu-
ally re-open the needle control valve and progressively
increase the period that the needle control valve 1s open,
thereby allowing the minimum width of the drive pulse struc-
ture that permits imnjection to take place through the 1njector to
be determined.

Therefore, according to a third aspect of the mvention,
there 1s provided a controller for determining the presence of
faults within an 1njector of a fuel injection system of an
engine, the mjector comprising a needle control valve and a
pressure control valve, the pressure control valve being
capable of moving between an open position in which the
injector 1s 1 fluid communication with a source of fuel and a
closed position 1n which the injector 1s not 1n fluid commu-
nication with the source of tuel, and the controller comprising,
inputs for receiving data relating to a first engine system
parameter; outputs for outputting a control function for con-
trolling the injector valves of the 1njector, and; a processor for
controlling the control function output from the controller.
The processor 1s arranged to output a control function to keep
the needle control valve of the injector closed 1 order to
prevent 1njection from the injector and to output a control
function to close the pressure control valve 1n such a manner
that, under normal injector operating conditions pressure
within the 1njector would increase, and to monitor the first
engine speed parameter 1n order to determine the presence of
a fault 1n the valves of the injector.
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According to a fourth aspect the present invention provides
a method of determining the presence of faults with a fuel
injection system of an engine system, the engine system
comprising a first injector and at least one further injector,
cach injector comprising a needle control valve and a pressure
control valve, the method comprising: recerving data relating
to a first engine system parameter; outputting a control func-
tion for controlling the injector valves of each of the injectors;
controlling the output function from the controller, wherein
the method further comprises outputting a control function
such that the needle control valve of the first injector 1s kept
closed 1n order to prevent injection from the first injector and
monitoring the first engine system parameter as the needle
valve 1s kept closed, a change in the first engine system
parameter indicating that the first injector 1s operating sub-
stantially within normal operating parameters and no or sub-
stantially no change in the first engine system parameter
indicating that the first injector is faulty.

According to a fifth aspect the present invention provides a
controller for determining the presence of faults within a tuel
injection system ol an engine system, the engine system
comprising a {irst injector and at least one further 1njector,
cach injector comprising a needle control valve and a pressure

control valve, and the controller comprising: nputs for
receiving data relating to a first engine system parameter;
outputs for outputting a control function for controlling the
injector valves of each of the mjectors, the control function
being derved from a control valve drive pulse structure, and;
a processor for controlling the control function output from
the controller wherein the processor 1s arranged to output a
control function such that the needle control valve of the first
injector 1s kept closed 1n order to prevent injection from the
first injector and to monitor the first engine system parameter
as the needle control valve 1s kept closed, such that: (1) 1f the
processor detects a change 1n the first engine system param-
eter then the processor 1s arranged to gradually re-open the
needle control valve and progressively increase the period
that the needle control valve 1s open, thereby allowing the
mimmum width of the drive pulse structure that permits 1njec-
tion to take place through the injector to be determined, or; (11)
if the processor detects no or substantially no change in the
first engine system parameter then the processor 1s arranged
to output a further control function to close the pressure
control valve 1n such a manner that, under normal injector
operating conditions pressure within the injector would
increase, and to monitor the first engine speed parameter 1n
order to determine the presence of a fault 1n the valves of the
injector.

It will be appreciated that preferred and/or optional fea-
tures of the first aspect of the invention may be provided in the
turther aspects of the invention also, alone or 1n appropriate
combinations.

According to a still further aspect of the present invention
there 1s provided a carrier medium for carrying a computer
readable code for controlling a processor, computer or other
controller to carry out the method of the fourth aspect of the
invention.

The mvention extends to a vehicle comprising a controller
according to the first aspect of the present invention and also
to a diagnostic unit for use with a vehicle, the unit comprising,
a controller according to the first aspect of the present mnven-
tion.
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8
BRIEF DESCRIPTION OF DRAWINGS

In order that the invention may be more readily understood,
reference will now be made, by way of example, to the
accompanying drawings in which:

FIGS. 1a and 15 are schematic installation representations
of a known fuel injector 1n which the injector 1s divided into
two parts;

FIG. 2 1s a sectional view of a known multi-valve one piece
Or unit ijector;

FIG. 3 1s a schematic representation of the control valves
within an 1njector;
FIG. 4 illustrates a controller in accordance with embodi-

ments of the present invention for determining the presence of
faults within a system:;

FIG. 5 shows how engine speed varies during a fault find-
ing test as run on an engine by a controller according to a first
embodiment of the present invention;

FIG. 6 1s a flow chart of the fault finding process according,
to the first embodiment of the present invention;

FIG. 7 shows how the quantity of fuel injected per injection
cycle varies during a fault finding test as run on an engine by
a controller according to a second embodiment of the present
invention; and

FIG. 8 1s a flow chart of the fault finding process according,
to the second embodiment of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Injectors used 1n fuel injection systems are generally con-
trolled electrically by means of a current wavetorm applied to
the valves of the injector, the control function. The control
function 1s derved from a control valve logic structure. In the
following description, the term “minimum drive pulse” or
“MDP” 1s used to define the length of a control feature 1n the
logic structure of either the pressure control or needle control
valves that results 1n injection of fuel into the combustion
chamber of the engine.

FIG. 3 1s a diagrammatic representation of the various
components of a two valve unit injector. It 1s noted that the
injector may be configured into the engine configuration
shown 1n FIGS. 1a and 15 or the configuration shown 1n FIG.

2.

In FIG. 3 an injector 21 comprises an mjection body 22,
which houses a needle 25 with a nozzle region 23 of the
injector, a pressure control valve 27, a needle control valve 29
and a pump arrangement 31. The various components are 1n
fluid commumication with each other by virtue of a number of
tuel supply passages as described in further detail below.

The imjector further comprises a spring chamber 33 within
the body of the spring chamber body nozzle 23. A spring 35
within the spring chamber 33 acts to urge the needle 25 1n a
downwards direction towards a needle seating (the chamber
33 15 in fluid communication (not shown) with a fuel drain). A
delivery chamber 36 1s defined by the needle 25 and 1ts
associated bore and engagement of the needle 25 with the
seating prevents fuel within the delivery chamber 36 tlowing
past the seating and out through outlet openings (not shown)
in the 1njection nozzle into the associated engine cylinder or
other combustion space.
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Movement of the needle 25 away from its seating 1s con-
trolled by fuel pressure variations within the injector body 22
that act on thrust surfaces (not shown) on the needle 25.

The pressure control valve 27 1s 1 fluid communication
with a source of tuel 37 via a fuel supply passage 39.

The needle control valve 1s in communication with a fuel
drain 41 via a supply passage 43.

The pump arrangement 31 of the mjector 21 1s provided
with a bore 45 within which a plunger 47 1s slidable. The
plunger 47 and bore 45 define a pump chamber 49. The
plunger 47 1s associated with a cam arrangement (not shown
in FIG. 3) such that rotation of the cam arrangement causes
the plunger 47 to slide within the bore 45.

The fuel source 37 1s connected, when the pressure control
valve 27 1s open, to the pump chamber 49 by means of a
supply passage 31. The supply passage branches mto two
turther supply passages 53, 55. Passage 53 connects the tuel
source 37 and pump chamber 49 to the delivery chamber 36.
Passage 55 connects to the needle control valve 29 which, 1n
turn, 1s 1n communication with the fuel drain 41 via supply
passage 43.

The needle control valve 29 1s also connected to a further
fluid supply passage 37. This supply passage 57 opens out
into a further chamber 54 which houses a further plunger 56.
Further plunger 56 1s 1n turn in communication with a pin 58
which passes through the spring chamber 33 to the top of the
needle 25. The needle control valve 29 1s operable to move
from a first (closed) position in which the further chamber 54
1s in communication with the pump chamber 49 and pressure
control valve 27 and the supply passage 43 to the fuel drain 49
1s blocked and a second (open) position 1n which the flow of
tuel from the pump chamber 49 or fuel source 37 to the further
chamber 54 1s blocked and the tuel drain 49 1s 1n communi-
cation with the further chamber 54 thereby allowing pres-

surised fuel within the further chamber 54 to dump to the fuel
drain.

Movement of the needle 25 1s therefore controlled by fuel
pressure variations between the further chamber 54 and the
pressure on the thrust surfaces of the needle 25.

When the needle control valve 29 1s 1n the closed position
the further chamber 54 1s pressurised with fuel from the pump
chamber 49. The pump chamber 49 also supplies fuel to the
delivery chamber 36 (and therefore to the thrust surfaces of
the needle 25). Therefore, the pressure within the further
chamber 54 counteracts the pressure from the thrust surfaces
and the needle remains on its seating.

When the needle control valve 29 1s in the open position the
turther chamber 54 1s in communication with the fuel drain 41
thereby allowing fuel within the chamber 54 to dump to the
low pressure drain. As the fuel drains the further plunger 56
and pin 58 lifts off of the top of the needle 235 and the pressure
acting on the thrust surfaces of the needle 235 becomes suili-
cient to lift the needle away from 1ts seating.

It 1s noted that the pressure control valve 27 and needle
control valve 29 will typically be pressure balanced valves 1n
order to make valve operation at high pressures easier.

The fuel source 37 may be a common rail supplying fuel at
rail pressure (approx 200-1000 bar) or alternatively may be a
transier pump supplying fuel at transier pressure (approx 6
bar).

The operation of the fuel injector of FIG. 3 will now be
described.

1) The pressure control valve 27 1s opened such that fuel
from the fuel source 37 1s supplied to the plunger volume 49.
The plunger 47 1s moving upwards such that the plunger
volume 49 1s increasing. The needle control valve 29 1s closed
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such that the plunger volume 49 1s connected to the spring
volume 33 above the needle 25.

2) Fuel continues to enter the 1njector until the plunger 47
reaches the top of 1ts motion. As the plunger 47 begins to
move 1n a downwards direction fuel will spill back from the
plunger volume 49, through the pressure control valve 27
towards the fuel source 37. It 1s noted that the pressure control
valve 27 1s sometimes referred to as a spill control valve in this
context.

3) The pressure control valve 27 1s then closed and, once
closed, fuel pressure within the system rises. The point at
which the pressure control valve 27 1s closed will determine
the 1njection pressure through the nozzle outlet openings once
injection begins. It 1s noted that, since the needle control valve
29 15 1n 1ts closed position, the plunger 47 will pressurise both
the fuel within the delivery chamber 36 (via the supply pas-
sage 53) and the fuel within the further chamber 54 (via the
supply passages 55 and 57). Since the pressure within the two
chambers (36, 54) 1s equal the spring 35 will hold the needle
235 against its seating to prevent injection taking place.

4) Imjection 1s mitiated by switching the needle control
valve 29 from the closed position to the open position. In the
open position the further volume 54 1s 1n communication with
the fuel drain 41, which 1s at a low pressure. Fuel therefore
flows from the further chamber 54 to the fuel drain and a
pressure 1imbalance develops between the delivery chamber
36 and the further chamber 54. Fuel pressure acting on thrust
surfaces of the needle 25 now acts to lift the needle from 1ts
seating against the action of the spring 25 and injection
through the outlet openings takes place.

5) Imjection 1s stopped by closing one or both of the pres-
sure control valve 27 or needle control valve 29. For example,
the pressure control valve may be opened and the needle
control valve may be closed to stop 1njection.

FIG. 4 shows a controller according to embodiments of the
present invention. FIG. 4 shows an injector 21 having a pres-
sure control valve 27 and a needle control valve 29. A cam
driven plunger 47 pressurises fuel within the 1injector. Note
like numerals have been used to denote like features between
FIGS. 3 and 4. A controller 60 for determining the presence of
faults within the 1njector 21 according to an embodiment of
the present mvention comprises a processor 62. Engine sys-
tem parameter 64 (for example, engine speed and/or fuel
quantity mjected by the injectors) 1s imput 1into the controller
60 and the processor 62 outputs signals 66 and 68 to control
the pressure control valve 27 and needle control valve 29
respectively.

The controller 60 follows a diagnostics test procedure, as
described in detail below, to determine the presence and loca-
tion of faults within the injector. During the diagnostics test
procedure the processor 62 controls control functions output
from the controller to the valves of the injector 21 under test.
The processor monitors the change 1n one or more engine
system parameters (such as engine speed or quantity of fuel
injected per 1njection cycle by the injectors not under test) as
the valves are controlled 1n order to determine 11 the 1njector
1s faulty and, 11 1t 1s determined that there 1s a fault, where the
fault 1s within the 1njector.

The controller may also output a notification signal 70 to a
notification device 72 such as a computer terminal to allow
the results of the diagnostic test procedure to be viewed by a
user.

The diagnostic test procedure will now described.

Initially, the engine 1s stabilised to allow the test to be
performed. The amount of fuel delivered to each cylinder
within the engine 1s captured and the fuelling 1s fixed to this
amount.
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It 1s noted that to avoid damage to the fuel mjectors during
the diagnostic test procedure (during which time the control-
ler will open and close the injectors outside of the normal
modes of engine operation) the engine 1s governed such that
it 1s just turning over (e.g. the vehicle 1s 1n neutral and sta-
tionary such that there are no or low load conditions on the
engine). This reduces the stress on the injectors and 1njector
valves during the diagnostic test procedure and also permits
small changes 1n engine speed to be detected. Furthermore,
running the engine at no load or low load conditions enables
the relatively small changes associated with this test to be
more detectable.

The cylinders (i.e. the mjectors) are then tested one after
another. The cylinder under test 1s referred to as the test
cylinder.

The controller determines whether the test cylinder has any
faults by performing one or more of the following test proce-
dures: closed needle test; minimum drive pulse test, or; high
pressure spill test.

FIGS. 5 and 6 describe the diagnostic procedure according
to a first embodiment of the mvention i which the fuel
quantities supplied from the 1njectors not under test are kept
fixed during the procedure and the engine speed 1s allowed to
vary.

Returning to FIG. 5, the engine speed 1s mitially stabilised
(in the stabilising section labelled 82 in FIG. 5) to a constant
level 80. The controller 60 then performs a “Closed Needle
Test” (CNT) on the test cylinder (CN'T section 84). The object
of this part of the test procedure 1s to determine 11 the test
cylinder has any major faults. The outcome of the CNT deter-
mines which of two further tests the controller applies to the
test cylinder.

During the CNT the processor 62 of the controller 60
outputs a control function to keep the needle control valve 29
of the injector under test closed. As noted above, when the
needle control valve 1s closed the pump chamber 49 1s 1n tluid
communication with the further chamber 34 of the injector
21.This therefore means that the pressure 1n the further cham-
ber 54 1s equal to the pressure acting on the thrust surfaces of
the needle thereby preventing injection from taking place.

It 1s noted that, when the controller 60 outputs the control
function to keep the needle control valve 29 of the test injector
closed, all other engine conditions are kept as constant as
possible and the fuel delivery to the cylinders (injectors) not
under test 1s kept at the fixed value determined in the stabi-
lising part of the procedure.

If the test cylinder was faulty before the closed needle test
was 1nitiated in such a way that no fuel was delivered from it
anyway, then outputting a control function closing the needle
control valve 29 during the CNT will not change (or at least
will not substantially change) any fuelling conditions and the
engine speed will substantially remain at the constant value
80 1n the CNT section 84.

However, 11 the test cylinder was operating normally prior
to the CN'T, then keeping the needle control valve 29 closed
will reduce the amount of fuel injected into the engine by the
injection system as a whole and the engine speed will conse-
quently drop 86 1n the CNT section 84.

The controller convemently compares the measured engine
speed data (as received by the controller’s inputs) with pre-
determined engine performance data in order to i1dentily a
“normal” engine speed change on closure of the needle con-
trol valve throughout the 1njection cycle.

The processor 62 can monitor the engine speed 64 input to
the controller 60 and can therefore determine which cylinders
have 1injectors with major faults from cylinders with function-
Ing injectors.
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Depending on the result of the CNT test the controller 60
then performs either (1) a Minimum Drive Pulse (MDP) test,
or (1) a High Pressure Spill (HPS) test in the MDP/HPS

section 88 of the test procedure.

I1 the controller/processor determines that an injector has
no major faults in the CNT section 84 (1.¢. 11 the engine speed
dropped as expected when the needle control valve 29 was
closed) then the controller performs the MDP test on the
injector.

As noted above, for injectors that are operating substan-
tially normally, the CNT section 84 of the test procedure will
resultin a drop 86 1n engine speed from the engine speed level
in the stabilising section 80 of the test to a new lower level.
Prior to performing the MDP test, the controller allows the

engine speed to stabilise at the new lower level (as denoted by
section 90 1n FIG. 5).

The processor then arranges for the controller to output a
control function that gradually re-opens the needle control
valve 29 that was closed during the CN'T section 84 of the test
so that fuelling 1s brought back to the test injector (i.e. the
needle control valve 1s gradually opened from a zero opening
period to its normal opening period over the course of a
number of injection cycles). In order to gradually re-open the
needle control valve, the control function 1s arranged to
increase the drive pulse input to the needle control valve 29 1n
increments, each icrement lasting for a number of 1njection
cycles. Increasing the drive pulse 1n increments allows the
engine to stabilise after each incremental drive pulse increase.

As fuel 1s delivered through the test injector the engine
speed will change and this can be monitored by the processor
62. In this manner the minimum drive pulse of the needle
control valve that 1s required to enable injection to take place
can be determined.

The processor may also monitor how quickly and by how
much the engine speed increases when the test cylinder starts
fuelling again. This enables the processor to determine how
well injection 1s working through the test cylinder. Depending
on variations 1n the change 1n engine speed and the time taken
for the engine speed to change a multitude of minor 1njection
1ssues can be 1dentified by the processor in the MDP test. For
example, partly blocked 1njector nozzles will atfect the speed
at which the engine responds to fuel changes within the injec-
tor and this can be 1dentified by the controller/processor.

In order to 1dentily the various minor 1njection faults that
may occur in the engine, the processor preferably has access
to a data store comprising predetermined 1njector data repre-
senting different injector fault conditions. The processor may
then compare the measured engine speed changes with the
predetermined data in order to determine any minor faults
within the test injector.

It 1s noted that the engine speed change resulting from the
gradual re-opening of the needle control valve 29 1s depicted
in FIG. § by the series of steps 92 1n the measured engine
speed of the engine.

I1 the controller/processor determines during the CN'T sec-
tion 84 of the test procedure that an injector has a major fault
then the controller performs the HPS test on the injector. The
IPS test 1dentifies whether the fault 1s 1n the needle control

valve 29 or the pressure control valve 27 of the test injector.

The principle behind the HPS test 1s that creating a high
pressure within the mjector using the pressure/spill control
valve 27 without injecting any fuel through the imjection
nozzles will put a load on the engine and affect the measured
engine speed. A fully functioning injector will be able to
create such a high pressure by closing the needle control valve
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29 (1.e. blocking the spring chamber 33 within the mjector
from the fuel drain 44) and by also closing the pressure
control valve 27.

Using the above principle the controller/processor can

identify the following fault conditions during the HPS test:

1) Needle control valve stuck closed. The controller waill
already have output a control function to the needle
control valve to keep closed during the closed needle test
described above. At point 2 in FIG. 5, the processor
additionally arranges for the controller to output a con-
trol function to the pressure control valve of the test
injector to close. The HPS test 1s only performed on
injectors that have been identified as having a major
fault, 1.e. either the pressure or needle control valves 1s
faulty. I1 the pressure rises during the HPS test then this
means that the pressure control valve 1s functioning cor-
rectly and therefore by inference the needle control
valve 1s jammed shut (the logic 1n this case being that: (1)
the CNT procedure has identified a fault 1n either the
pressure or needle control valves; (1) the change in
pressure during the HPS test confirms that it 1s the needle
control valve that 1s stuck, and; (i11) the fact that the
pressure has risen confirms that the needle control valve
1s stuck closed as opposed to stuck closed).

The pressure within the test injector will be 1n the range of
around 200-400 bar during the closed needle test. If both
valves are closed the pressure within the mjector will
rise to around 1500 bar.

It 1s noted that for a two part injector the high pressure will
be created in the high pressure line between the two parts
of the injector. In the case of amulti-valve single injector
the high pressure will be created 1n the supply passage
between the pressure control and needle control valves.

The creation of the high pressure condition within the
injector will result in extra work for the engine and as a
result the engine speed of the engine will fall as illus-
trated by trace 94 1n FI1G. 5. The change 1n engine speed
can be monitored.

2) Pressure control valve stuck. To determine 11 the pres-
sure control valve 1s stuck the processor arranges for the
controller to output a control function to both valves to
close. If the pressure control valve 1s stuck then the
injector will be unable to create the high fuel pressure
that the controller has demanded. In this case the load on
the engine will not increase and the engine speed will
remain the same (as indicated by trace 96 1n FI1G. 5). The
controller and processor will be able to monitor the
engine speed and after a certain test time without any
significant engine speed change 1t can be concluded that
the pressure control valve (and the mnjector pump part) of
the 1injector 1s faulty.

3) Needle control valve 1s stuck open. If the needle control
valve 1s stuck open (1.e. the further chamber 54 of the
injector 1s permanently connected to the fuel drain 44)
then the injector will inject any fuel that the pump part of
the injector delivers. If the controller has output a control
function to generate a high pressure situation within the
injector then the injector will inject all of the fuel within
the mjector 1n the event that the needle control valve 1s
stuck open. This injection of fuel will result 1n an
increase 1 engine speed which again can be detected by
the controller such that the processor can determine that
the needle control valve 1s stuck open. The increase in
engine speed 1s represented in FIG. 5 by the trace 98.

The controller will test each cylinder (and therefore each

injector) i turn and perform a CNT followed by a MDP test
or a CNT followed by an HPS test on each one.
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It 1s noted that the expected engine speed decreases 86 and
94 and the engine speed increase 98 shown 1n FIG. S can be
calibrated for the engine during manufacture. The values of
such increases/decreases can be stored within the data store
mentioned above such that the processor can determine the
fault conditions of the 1injector valves.

FIG. 6 shows the whole diagnostic test procedure as rep-
resented by a state diagram and undertaken by the controller
in the first embodiment of the present invention.

Initially 1n step 100 the controller 1s nactive. The Inactive
state 1s the state of the controller during all vehicle conditions
outside of the diagnostic procedure, e.g. normal vehicle/en-
gine operation/driving ). Once the test 1s initiated by a user the
controller moves to step 102 (the Enabled state) and waits for
the test to be activated.

In order to go from Inactive to Enabled there are a number
of conditions that need to be fulfilled to ensure sate operation
of the diagnostic test. For example, the handbrake needs to be
on, no other important faults should have been detected by the
engine management system etc.). It 1s envisaged that the
diagnostic test will be performed at a vehicle repair and
maintenance centre and that a diagnostic tool/computer will
have been connected to the vehicle’s engine control unit to
instruct 1t to enter the Enabled state. Once in this enabled state
the procedure can be activated.

Conveniently the test may be activated by pressing down
on the accelerator pedal of the vehicle. Upon activation the
controller moves to Step 104 1n which the engine conditions
are stabilised prior to testing the cylinders for faults.

In Step 104 the engine ramps to and then stabilises at a
pre-defined target speed using the standard engine control
unmit governor. Once the processor detects that stable engine
speed conditions have been attained, the amount of fuel deliv-
ered to each cylinder 1s captured and the fuelling 1s fixed to
this amount. When the fuel amount 1s frozen 1n this way then
engine speed can driit slightly but will then stabilise at a speed
close to the previously used governor target speed.

Once the engine conditions have been stabilised the con-
troller begins testing the 1njectors within the engine for faults
and moves to Step 106 in which the closed needle test
described above 1s performed.

In Step 106 the needle control valve for a first injector
within the engine 1s closed throughout the whole 1njection
cycle and the engine speed 1s monitored by the processor
within the controller. The remaining 1njectors are kept at the
fixed fuel values determined 1n the stabilising Step 104.

If a normal (expected) engine speed drop 1s detected the
controller moves to Step 108 in which a Minimum Drive
Pulse test 1s performed. In Step 108, the needle control valve
that was previously closed in Step 106 1s gradually re-opened
in increments, the duration of each increment lasting for a
number of 1njection cycles (typically 1n the order of 100 to
1000 cycles), and the engine speed increase 1s monitored. The
processor then determines the operational nature of the first
injector from the measured engine speed changes.

Once Step 108 1s complete for the first injector the control-
ler moves back to Step 104 and then repeats the closed needle
test for the next mjector within the engine. The procedure
goes back to the stabilising Step 104 after finishing the Mini-
mum Drive Pulse test performed 1n Step 108. This 1s because
when changing to the next injector after finishung Step 108 the
engine needs to be stabilised at a constant engine speed again
betore entering the closed needle test performed 1n Step 106.
The fixed fuelling during the closed needle test 1s not neces-
sarily the same when testing 1njector 1 as when testing, for
example, mnjector 2. If, for example, injector 2 has got a major
fault, 1t 1s during the Stabilising Step 104 that the other cyl-
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inders compensate with more fuel to achieve the desired
stable engine speed. This fuelling compensation leads to no
engine speed change during CNT.

If, however, the processor does not detect an engine speed
change for the first injector then 1t moves to Step 110 in which
a High Pressure Spill test 1s performed. (It 1s noted that the
controller will also move to the HPS test 1n the event that a
smaller than expected engine speed change 1s detected 1n the
CNT test).

In Step 110 the controller attempts to build up pressure
within the first injector. Changes to the engine speed are again
monitored by the processor to determine which valve (pres-
sure control valve or needle control valve) 1s faulty within the
first 1njector.

Once the faulty valve has been determined by the controller
in Step 110, 1t moves back to Step 104 and then initiates the
closed needle test for the next injector within the engine to be
tested.

The Steps 104, 106 and 108/110 are repeated until all
engines have been tested and the controller then moves to
Step 112 and the test 1s complete.

It 1s noted that the controller may move to Step 114 (‘Test
abandoned) from any of Steps 102 through 110 at any time.
Step 114 may be mitiated by fulfilling some predetermined
disabling conditions such as the expiry of a timer, the engine
speed moving outside of a certain range or the accelerator
pedal value being too low.

FIGS. 7 and 8 describe the diagnostic procedure according,
to a second embodiment of the present invention in which the
engine speed 1s held at a fixed value during the test and the
quantity of fuel mjected by the imjectors not under test is
allowed to vary.

FIG. 7 1s equivalent to FIG. 5 except that 1n this case 1t
shows how the fuel quantity injected per injection cycle by the
injectors not under test varies as the processor 62 of the
controller 60 performs the closed needle, minimum drive
pulse and high pressure spill tests.

Returming to FIG. 7, the engine 1s mitially ramped to a
target speed, the engine system 1s allowed to stabilise (in the
stabilising section 120) and the quantity of fuel 122 injected
by the injectors not under test 1s recorded. The engine speed 1s
then fixed and the controller 60 performs a “Closed Needle
Test” (CNT) on the test cylinder (CNT section 124). The
operation of the CNT part of the procedure 1s the same as
described above with relation to FIG. 5.

It 1s noted that, 1n this second embodiment of the invention,
when the controller 60 outputs the control function to close
the needle control valve 29 of the test injector, the engine
speed of the engine system 1s kept as constant as possible and
the fuel delivery to the cylinders (injectors) not under test 1s
allowed to vary.

If the test cylinder was faulty before the closed needle test
was 1nitiated in such a way that no fuel was delivered from it
anyway, then keeping the needle control valve 29 closed
during the CNT will not change (or at least will not substan-
tially change) the engine speed of the engine and the fuel
quantity through the remaining injectors will remain at the
constant value 122 1n the CN'T section 124.

However, 11 the test cylinder was operating normally prior
to the CN', then closing the needle control valve 29 will
reduce the amount of fuel mjected 1nto the engine by the
injection system as a whole. The remaining injectors will
compensate for the closure of the test cylinder injector 1n
order to keep the engine speed at 1ts fixed level. They will
therefore 1nject a greater quantity of fuel per injection cycle
and the fuel quantity data will show a rise 126 1n the injected
tuel quantity 1n the CN'T section 124.
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The controller conveniently compares the measured fuel
quantity data (as recetved by the controller’s mputs) with
predetermined engine performance data 1in order to identify a
“normal” fuel quantity change on closure of the needle con-
trol valve on the test injector.

Depending on the result of the CN'T test the controller can
then perform either (1) the MDP test or (11) the HPS test in
section 128 of the test procedure 1n a similar manner to that
described 1n relation to FIG. 5.

I1 the controller/processor determines that an 1njector has
no major faults in the CNT section 124 (1.e. 1f the quantity of
fuel jected by the imjectors not under test increased as
expected when the needle control valve 29 was kept closed)
then the controller performs an MDP test on the test injector.
Prior to performing the MDP test however the controller
allows the fuel quantities to stabilise at their new higher level
(as denoted by section 130 1n FIG. 7).

The needle control valve 29 of the test mjector 1s then
gradually re-opened 1n increments over a number of 1njection
cycles and the minimum drive pulse of the needle control
valve that 1s required to enable 1njection to take place 1s
determined.

The processor may monitor how the fuel quantity injected
per mjection cycle by the injectors not under test varies (and
how quickly the variations occur) 1n order to 1dentify minor
injection 1ssues associated with the test cylinder. The mea-
sured changes 1n the fuel quantity can again be compared to
pre-existing data stored in a data store.

I1 the controller/processor determines that the test injector
has a major fault during the CNT test, then an HPS test 1s
performed. The general operation of the test 1s as described
above. However, 1n this embodiment the creation of a high
pressure condition within the test injector will result 1 an
increase in the quantity of fuel imjected via the other injectors
as they attempt to compensate for the extra load placed on the
engine.

Therefore, for the fixed engine speed and varying fuel
quantity embodiment the processor uses the following logic
to 1dentily the fault conditions during the HPAS test:

1) If the needle control valve 1s shut closed then the extra
work that this causes the engine during the HPS test will cause
a rise 1n the quantity of fuel injected through the other injec-
tors, as 1llustrated by trace 132 1n FIG. 7.

2) IT the pressure valve 1s stuck then there will be no change
in the quantity of tuel injected through the other 1injectors, as
illustrated by trace 134.

3) It the needle control valve is stuck then there will be a
decrease 1n the quantity of fuel mjected through the other
injectors as all fuel supplied to the test imjector will be
injected. This decrease 1s indicated by trace 136 in FIG. 7.

As for the first embodiment of the present invention, the
expected fuel quantity increases 126, 130 and decrease 136
shown 1n FIG. 7 can be calibrated for the engine system
during manufacture. The values of such increases/decreases
can be stored within the data store mentioned above such that
the processor can determine the fault conditions of the 1mnjec-
tor valves.

FIG. 8 shows the diagnostic test procedure undertaken by
the controller in the second embodiment of the present inven-
tion as a state diagram.

Like process steps between FIGS. 6 and 8 are represented
as like numerals. Initially the controller 1s mnactive (Step 100)
and 1s then enabled by an operator (Step 102). Upon activa-
tion the controller moves to Step 140 1n which the engine
conditions are stabilised prior to testing the cylinders for
taults.
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The stabilisation Step 140 1s very similar to the stabilisa-
tion Step 104 in FIG. 6. However, 1n this case once the
processor detects that stable engine conditions have been
attained the engine speed 1s fixed.

Once the engine conditions have been stabilised the con-
troller begins testing the 1njectors for faults and moves to Step
142 1n which the needle control valve for a first injector 1s
switched off and the amount of fuel delivered to the combus-
tion space by the remaining injectors 1s monitored by the
processor within the controller.

If a normal fuel quantity increase 1s detected the controller
moves to Step 144 1n which a Minimum Drive Pulse test 1s
performed by gradually re-opening the needle control valve
in the test injector and monitoring the fuel quantity changes.

Once the MDP test has been performed on the first injector
the controller moves back to Step 140 and the process repeats
for another cylinder (1njector) within the engine.

If, however, the processor does not detect the expected fuel
quantity increase i Step 142 then 1t moves to Step 146 1n
which a High Pressure Spill test 1s performed. Changes to the
tuel quantities injected by the other injectors are monitored to
determine which valve (pressure control valve or needle con-
trol valve) 1s faulty within the first injector.

Once the faulty valve has been determined the controller
moves back to Step 104 and the process repeats for the next
cylinder (injector) within the engine.

The Steps 140, 142 and 144/146 are repeated until all
engines have been tested and the controller then moves to
Step 112 and the test 1s complete.

It 1s noted that the controller may move to Step 114 (‘Test
abandoned) from any of Steps 102 through 146 at any time.
Step 114 may be inmitiated by fulfilling some predetermined
disabling conditions such as the expiry of a timer, the fuelling
parameters moving outside of a certain range or the accelera-
tor pedal value being too low.

The controller and method of the present invention allow
the location of injector problems within the fuel 1njection
system ol a vehicle to be determined significantly easier than
with common diagnostic techniques.

It 1s noted that without the controller/method of the present
invention a diagnostic scenario may follow the following
lines:

1) The vehicle driver notices a loss of engine power but no
faults are flagged automatically within the engine manage-
ment system. Alternatively, the engine management system
may indicate a misfire 1n cylinder X but since there may be
many causes of a misiire the reason for the engine power loss
will be undetermined.

2) The vehicle 1s taken to a repair garage where a cylinder
compression test 1s first run. This test however shows no
problems and so an acceleration test 1s run.

3) An acceleration test 1s run which either i1dentifies or
coniirms a problem with cylinder x without giving any details
of the problem.

4) It 1s concluded that there 1s a fuel 1njection problem.

5) The pump part of the injector (1.e. the part associated
with the pressure control valve) 1s replaced.

6) A further acceleration or misfire/test diagnostic 1s run
which indicates that the problem 1s still present.

7) The needle control valve part of the 1njector 1s replaced.

8) A still further acceleration or misfire/test diagnostic 1s
run which indicates that the problem has been solved.

In circumstances where the needle control valve and pres-
sure control valve are located in two separate areas of the

engine (see FIGS. 1a/b) then the above repair procedure
could be costly and time consuming.
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With the controller/method of the present invention the
diagnostic procedure would be as follows:

1) The vehicle driver notices a loss of engine power but no
faults are flagged automatically within the engine manage-
ment system. Alternatively, the engine management system
may indicate a misfire 1n cylinder X but since there may be
many causes of a misfire the reason for the engine power loss
will be undetermined.

2) The vehicle 1s taken to a repair garage where a cylinder
compression test 1s first run. This test however shows no
problems.

3) The various tests run by the controller according to the
present invention are run and the faulty injection part and to
some extent the type of failure 1s 1dentified before any repair
work has been carried out.

4) The appropriate repair procedure 1s carried out and a
follow up acceleration, misfire or other diagnostic test (for
example, the test procedure according to the present mven-
tion) 1s run showing good engine performance and therefore
a successiul repatr.

The controller according to the present invention may be a
stand-alone unit within a vehicle. Alternatively, 1t may be
incorporated within an existing engine control unit within the
engine. The controller may assume the responsibilities of the
engine’s governor during a testing phase or alternatively 1t
may output data to the engine’s governor to allow the testing
to be performed.

In the above description 1t 1s noted that the controller per-
forms a closed needle test followed by a minimum drive pulse
or high pressure spill test on each 1injector 1n turn. However, 1t
1s noted that the controller could perform the closed needle
test only on each cylinder 1n turn before performing either of
the MDP or HPS tests. However, this 1s likely to be less
accurate than testing each cylinder completely 1n turn.

It will be understood that the embodiments described
above are given by way of example only and are not intended
to limit the invention, the scope of which i1s defined 1n the
appended claims. It will also be understood that the embodi-
ments described may be used individually or in combination.

The invention claimed 1s:

1. A controller for determining the presence of faults within
a Tuel injection system of an engine system, the engine system
comprising a {irst injector and at least one further injector,
cach injector comprising a needle control valve and a pressure
control valve, and the controller comprising:

inputs for recerving data relating to a first engine system
parameter:;

outputs for outputting a control function for controlling the
injector valves of each of the ijectors, and;

a processor for controlling the control function output from
the controller

wherein the processor 1s arranged to output a control func-
tion such that the needle control valve of the first injector
1s kept closed 1n order to prevent injection from the first
injector and to monitor the first engine system parameter
as the needle control valve 1s kept closed, a change in the
first engine system parameter indicating that the first
injector 1s operating substantially within normal operat-
ing parameters and no, or substantially no, change in the
first engine system parameter indicating that the first
injector 1s faulty;

wherein the processor 1s arranged to output a control func-
tion to close the pressure control valve 1n such a manner
that, under normal injector operating conditions, the
pressure within the first injector would 1ncrease, and to
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monitor said first engine system parameter 1n order to
determine the presence of a fault 1n the valves of the first
injector;

wherein the processor 1s arranged to momnitor the first

engine system parameter and to determine (1) that the
needle control valve 1s biased closed it the engine speed
decreases; or (1) that the needle control valve 1s biased
open 1 the engine speed increases.

2. A controller as claimed 1n claim 1, wherein the controller
1s arranged to fix a second engine system parameter and to
monitor changes in the first engine system parameter 1n order
to determines the presence of faults within the engine system.

3. A controller as claimed 1in claim 1, wherein the processor
1s arranged to output a control function to close the pressure
control valve 1n such a manner that, under normal injector
operating conditions, the pressure within the first ijector
would increase, and to monitor the engine speed of the engine
in order to determine the presence of a fault in the valves of the
first 1njector.

4. A controller as claimed 1n claim 1, wherein the processor
1s arranged to output a control function to close the pressure
control valve 1n such a manner that, under normal 1njector
operating conditions, the pressure within the first 1njector
would increase, and to monitor the quantity of fuel injected by
the at least one further injector 1n order to determine the
presence ol a fault in the valves of the first injector.

5. A controller as claimed 1n claim 1, wherein the processor
1s arranged to determine the presence of faults for each of the
injectors within the engine system 1n turn.

6. A controller as claimed 1n claim 1, wherein the controller
1s arranged to stabilise the engine system at a substantially
constant speed before determining the presence of faults
within the engine system.

7. A controller as claimed in claim 1, wherein the outputs
turther output a notification signal for display on a notifica-
tion device.

8. A vehicle comprising a controller as claimed 1n claim 1.

9. A diagnostic unit for use with a vehicle comprising a
controller as claimed 1n claim 1.

10. A controller for determining the presence of faults
within a fuel injection system of an engine system, the engine
system comprising a first injector and at least one further
injector, each mjector comprising a needle control valve and
a pressure control valve, and the controller comprising:

inputs for recerving data relating to a first engine system

parameter;

outputs for outputting a control function for controlling the

injector valves of each of the injectors, and;

a processor for controlling the control function output from

the controller

wherein the processor 1s arranged to output a control func-

tion such that the needle control valve of the first injector
1s kept closed 1n order to prevent injection from the first
injector anti to monitor the first engine system parameter
as the needle control valve 1s kept closed, a change 1n the
first engine system parameter indicating that the first
injector 1s operating substantially within normal operat-
ing parameters and no, or substantially no, change in the
first engine system parameter indicating that the first
injector 1s faulty;

wherein the control function1s dertved from a control valve

drive pulse structure and, following the output of the
control function to keep the needle control valve closed,
the processor 1s arranged to re-open the needle control
valve incrementally and vary the control function such
that the period tat the needle control valve 1s open 1s
gradually and progressively increased, thereby allowing

5

10

15

20

25

30

35

40

45

50

55

60

65

20

the processor to determine the mimmmum width of the
drive pulse structure that permits 1njection to take place
through the first injector.

11. A controller as claimed 1n claim 10, wherein the first
engine system parameter 1s the engine weed and the second
engine system parameter 1s the quantity of tuel injected per
injection cycle by the at least one further mjector and the
processor 1s arranged to determine the presence of faults
within the first injector by analysing the engine speed of the
engine as the period the needle control valve 1s open 1s pro-
gressively increased.

12. A controller as claimed 1n claim 11, wherein the pro-
cessor 1s arranged to determine the type of fault within the
first 1njector by analysing the rate of change of the engine
speed.

13. A controller as claimed 1n claim 11, wherein the pro-
cessor 1s arranged to determine the type of fault within the
first injector by analysing the rnme at which the engine speed
begins to change.

14. A controller as claimed 1n claim 11, wherein the pro-
cessor 1s arranged to determine the presence of faults within
the first injector by comparing the engine speed data received
by the mputs of the controller with predetermined engine
performance data.

15. A controller as claimed 1n claim 10, wherein the first
engine system parameter 1s the quantity of tuel imjected per
injection cycle by the at least one further injector and the
second engine system parameter 1s the engine speed and the
processor 1s arranged to determine the presence of faults
within the first injector by analysing changes 1n the quantity
of fuel injected by the at least one further injector as the period
that the needle control valve 1s open 1s progressively
increased.

16. A controller as claimed 1n claim 15, wherein the pro-
cessor 15 arranged to determine the presence of faults within
the first injector by comparing the data received by the imnputs
of the controller relating to the quantity of fuel injected by die
at least one further injector with predetermined engine per-
formance data.

17. A controller as claimed in claim 14, further comprising
a data store for storing the predetermined engine performance
data.

18. A controller as claimed in claim 16, further comprising
a data store for storing the predetermined engine performance
data.

19. A controller for determining the presence of faults
within a fuel injection system of an engine system, the engine
system comprising a first ijector and at least one further
injector, each injector comprising a needle control valve and
a pressure control valve, and the controller comprising:

inputs for recerving data relating to a first engine system
parameter:;

outputs for outputting a control function for controlling the
injector valves of each of the injectors, and;

a processor for controlling the control function output from
the controller

wherein the processor 1s arranged to output a control func-
tion such that the needle control valve of the first injector
1s kept closed 1n order to prevent injection from the first
injector and to monitor the first engine system parameter
as the needle control valve 1s kept closed, a change 1n the
first engine system parameter indicating that the first
injector 1s operating substantially within normal operat-
ing parameters and no, or substantially no, change in the
first engine system parameter indicating that the first
injector 1s faulty;
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wherein the processor 1s arranged to output a control func-
tion to close the pressure control valve 1n such a manner
that, under normal 1njector operating conditions, the
pressure within the first injector would increase, and to
monitor the engine speed of the engine 1n order to deter-
mine the presence of a fault 1in the valves of the first
injector;

wherein the processor 1s arranged to momitor the engine

speed of the engine and to determine (1) that the needle
control valve 1s stuck closed i1f the engine speed
decreases; (11) that the needle control valve 1s stuck open
if the engine speed increases, and; (111) that the pressure
control valve has a {fault i the engine speed 1s
unchanged.

20. A controller for determining the presence of faults
within a fuel 1njection system of an engine system, the engine
system comprising a first ijector and at least one further
injector, each njector comprising a needle control valve and
a pressure control valve, and the controller comprising:

inputs for recerving data relating to a first engine system

parameter;

outputs for outputting a control function for controlling the

injector valves of each of the injectors, and;

a processor for controlling the control function output from

the controller

wherein the processor 1s arranged to output a control func-

tion such that the needle control valve of the first injector
1s kept closed 1n order to prevent injection from the first
injector and to monitor the first engine system parameter
as the needle control valve 1s kept closed a change 1n the
first engine system parameter indicating that the first
injector 1s operating substantially within normal operat-
ing parameters and no, or substantially no, change in the
first engine system parameter indicating chat the first
injector 1s faulty;

wherein the processor 1s arranged to output a control func-

tion to close the pressure control valve 1n such a manner
that, under normal njector operating conditions, the
pressure within the first injector would 1ncrease, and to
monitor the quantity of fuel injected by the at least one
further 1njector 1n order to determine the presence of a
fault 1n the valves of the first injector;

wherein the processor 1s arranged to monitor the quantity

of fuel injected by the at least one further injector and to
determine (1) that the needle control valve 1s stuck closed
if the quantity of fuel imjected by the at least one further
injector increases; (1) that the needle control valve 1s
stuck open if the quantity of fuel injected by the at least
one further injector decreases, and; (1) that the pressure
control valve has a fault if the quantity of fuel injected by
the at least one further injector 1s unchanged.

21. A controller for determining the nature of a fault within
an mjector of a fuel 1njection system of an engine system, the
injector comprising a needle control valve and a pressure
control valve, and the controller comprising,

inputs for receiving data relating to a first engine system

parameter;

outputs for outputting a control function for controlling the

injector valves of each of the injectors; and

processor for controlling the control function output from

the controller;

wherein the processor 1s arranged to output a control func-

tion such that the needle control valve of the injector 1s
kept closed 1n order to prevent injection from the injector
and then to gradually re-open the needle control valve
and progressively increase the period that the needle
control valve 1s open, thereby allowing the minimum
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width of the drive pulse structure that permits injection
to take place through the injector to be determined;

.

wherein the processor 1s arranged to output a control func-
tion to close the pressure control valve 1n such a manner
that, under normal injector operating conditions, the
pressure within the first injector would 1ncrease, and to
monitor said first engine system parameter in order to
determine the presence of a fault in the valves of the first
injector; and

wherein the processor 1s arranged to monitor the first
engine system parameter and to determine (1) that the
needle control valve 1s biased closed 11 the engine speed
decreases; or (11) that the needle control valve 1s biased
open 1f the engine speed increases.

22. A controller for determining the presence of faults
within an 1njector of a fuel mjection system of an engine, the
injector comprising a needle control valve and a pressure
control valve, the pressure control valve being capable of
moving between an open position in which the injector 1s in
fluid communication with a source of fuel and a closed posi-
tion 1n which the injector 1s not 1n fluid communication with
the source of fuel, and the controller comprising:

inputs for recerving data relating to a first engine system
parameter;

outputs for outputting a control function for controlling the
injector valves of the injector; and

a processor for controlling the control function output from
the controller;

wherein the processor 1s arranged to output a control func-
tion to keep the needle control valve of the ijector
closed 1n order to prevent injection from the 1njector and
to output a control function to close the pressure control
valve 1n such a manner that, under normal 1njector oper-
ating conditions pressure within the injector would
increase, and to monitor the first engine speed parameter
in order to determine the presence of a fault 1n the valves
of the 1injector

wherein the processor 1s arranged to monitor the first
engine system parameter and to determine (1) that the
needle control valve 1s biased closed 11 the engine speed
decreases; or (1) that the needle control valve 1s biased
open 1f the engine speed increases.

23. A method of determining the presence of faults with a
tuel mnjection system of an engine system, the engine system
comprising a first mjector and at least one further injector,
cach injector comprising a needle control valve and a pressure
control valve, the method comprising:

recerving data relating to a first engine system parameter;

outputting a control function for controlling the injector
valves of each of the injectors; controlling the output
function from the controller;

wherein the method comprises outputting a control func-
tion such that the needle control valve of the first injector
1s kept closed 1n order to prevent injection from, the first
injector and monitoring the first engine system param-
cter as the needle valve 1s kept closed, a change 1n the
first engine system parameter indicating that the first
injector 1s operating substantially within normal operat-
ing parameters and no or substantially no change 1n the
first engine system parameter indicating that the first
injector 1s faulty;

turther comprising outputting a control function to close
the pressure control valve 1n such a manner that, under
normal injector operating conditions, the pressure
within the first injector would increase, and to monitor
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said first engine system parameter 1n order to determine
the presence of a fault in the valves of the first injector;
and

monitoring the first engine system parameter so as to deter-

mine (1) that the needle control valve 1s biased closed i 5

the engine speed decreases; or (11) that the needle control
valve 1s biased open 1f the engine speed 1ncreases.

24. A carnier medium for carrying a computer readable
code for controlling a processor or computer to carry out the
method of claim 23.

25. A controller for determining the presence of faults
within a fuel injection system of an engine system, the engine
system comprising a first injector and at least one further
injector, each mjector comprising a needle control valve and
a pressure control valve, and the controller comprising:

inputs for receiving data relating to a first engine system

parameter;

outputs for outputting a control function for controlling the

injector valves of each of the 1injectors, the control func-
tion being dertved from a control valve drive pulse struc-
ture; and

a processor for controlling the control function output from

the controller wherein the processor 1s arranged to out-
put a control function such that the needle control valve
of the first injector 1s kept closed 1n order to prevent
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injection from the first injector and to monitor the first
engine system parameter as the needle control valve 1s
kept closed, such that:

(1) 1f the processor detects a change in the first engine

system parameter then the processor i1s arranged to
gradually re-open the needle control valve and progres-
stvely increase the period that the needle control valve 1s

open, thereby allowing the minimum width of the drive
pulse structure that permits injection to take place
through the 1injector to be determined, or;

(1) 11 the processor detects no or substantially no change in

the fast engine system parameter then the processor 1s
arranged to output a further control function to close the
pressure control valve 1n such a manner that, under nor-
mal 1njector operating conditions pressure within the
injector would increase, and to monitor the first engine
speed parameter 1n order to determine the presence of a
fault 1n the valves of the 1njector;

wherein the processor 1s arranged to monitor the first

engine system parameter and to determine (1) that the
needle control valve 1s biased closed 11 the engine speed
decreases; and (11) that the needle control valve 1s biased
open 1f the engine speed increases.
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